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Abstract 15	

Two state-of-the-art Earth System Models (ESMs) were used in an idealized experiment 16	

to explore the role of mountains in shaping Earth’s climate system. Similar to previous 17	

studies, removing mountains from both ESMs results in the winds becoming stronger and 18	

more zonal, and weaker Indian and Asian monsoon circulations. However, there are also 19	

broad changes to the Walker circulation and the El Niño Southern Oscillation (ENSO). 20	

Without orography convection is unmoored from the Maritime continent, crossing the 21	

entire Indo-Pacific basin on interannual timescales. The ENSO has a stronger amplitude, 22	

lower frequency and increased regularity. A wider equatorial wind zone and changes to 23	

equatorial wind stress curl result in a colder cold tongue and a steeper equatorial 24	

thermocline across the Pacific basin during La Niña years. Anomalies associated with 25	

ENSO warm events are larger without mountains, and have greater impact on the mean 26	

tropical climate than when mountains are present. The mean Pacific Walker circulation 27	

weakens in both models by ~45%, but the strength of the mean Hadley circulation 28	

changes by ~2%. Unlike in studies examining the influence of radiative forcing on 29	

atmospheric circulation, changes in the Walker circulation in these experiments are not 30	

driven by changes to surface temperatures and the hydrologic cycle, but are explained by 31	

the large spatial variance in circulation on interannual timescales. These results suggest 32	

that mountains are an important controlling factor in large-scale tropical circulation, 33	

impacting ENSO dynamics and the Walker circulation, but have little effect on the 34	

strength of the Hadley circulation.35	



1. Introduction  36	

 37	

Land-surface topography is a fundamental boundary condition of Earth’s climate 38	

system. As such, there is a >40 year history of numerical modeling experiments that 39	

examine the role of orography in shaping broad features of the climate system. Authors 40	

have used a paleo approach in which orographic height and location correspond to best 41	

estimates of continental configurations and orography from specific periods in Earth’s 42	

history (e.g. Barron and Washington 1984); a regional approach, in which the height of 43	

specific orography is varied (Xu et al. 2004; Takahashi and Battisti 2007; Insel et al. 44	

2009; Boos and Kuang 2010; Feng and Poulsen 2014; Maroon et al. 2015); and a global 45	

approach, in which the height of all of Earth’s land-surface topography is varied 46	

systematically (e.g. Manabe and Terpstra 1974; Kutzbach and Guetter 1989; Kutzbach et 47	

al. 1993; Manabe and Broccoli 1990; Kitoh 1997, 2004; Abe et al. 2004; Kitoh 2007).  48	

Early idealized studies that varied global orography in general circulation models 49	

were limited by computing resources, and therefore carried out relatively short 50	

simulations using simplified models (e.g. atmosphere-land models with no ocean 51	

component) and focused their analysis on mid-latitude climates where the influence of 52	

mountains on standing atmospheric waves is strong (Manabe and Terpstra 1974). Similar 53	

studies were repeated over the following three decades as models improved in terms of 54	

their resolution in space and time, included more components of the climate system (e.g. 55	

the ocean, cryosphere, and land vegetation), and refined the physics related to sub-grid 56	

parameterizations (Kutzbach et al. 1993; Kitoh 1997, 2002). Of these studies, only 57	

simulations run in the early 2000s used a fully coupled atmosphere-ocean general 58	



circulation model (AOGCM) without flux adjustments. Although these simulations, 59	

integrated for fifty model years, represented a significant advance in global climate 60	

models at the time, today’s state-of-the-art Earth System Models (ESMs) boast improved 61	

parameterizations, a higher component coupling frequency, and higher spatial resolutions 62	

that better resolve topographic details and improve the land-sea mask. Due to increased 63	

computing capacity ESMs are commonly integrated for hundreds to thousands of model 64	

years, whereas earlier AOGCMs were typically integrated for tens of model years. 65	

In this paper, we present the results of an idealized experiment in which we 66	

adopted the global approach to varying Earth’s land-surface topography in order to better 67	

understand the influence of mountains, at the largest scale, on the climate system. We 68	

removed all land-surface topography from two state-of-the-art ESMs and ran our 69	

simulations for over 500 model years. Previous work had found that removing orography 70	

causes mid-latitude westerly winds to become more zonal (e.g. Manabe and Terpstra 71	

1974), monsoon circulation to weaken (e.g. Kitoh 2004; Lee et al. 2015), and global 72	

surface temperatures to rise by 1-1.5°C (Barron 1985; Kutzbach et al. 1993; Kitoh 1997). 73	

ENSO was reported to become more regular with a higher amplitude and lower 74	

frequency without mountains (Kitoh 2007). However, due to the relatively short 75	

integration, it was unclear if that result would be found in a longer experiment. With this 76	

caveat, we expected that our ESMs would give similar results to previous experiments, 77	

and would allow us to diagnose changes to the climate system to an unprecedented 78	

degree. The increased model resolution and complexity of the model were expected to 79	

provide potentially new results. We were encouraged by the fact that these ESMs and 80	

their predecessor simulate ENSO very well (Wittenberg et al. 2006; Guilyardi 2006; 81	



Guilyardi et al. 2012). Additionally, these experiments would allow us to examine the 82	

role of orography in producing model biases such as the too-warm ocean current off the 83	

coast of Peru associated with the coarse representation of the Andes (Philander et al. 84	

1996; Wittenberg et al. 2006). 85	

Although our results are broadly consistent with previous studies, the impact of 86	

mountains on tropical climate was much more profound than we expected. The changes 87	

observed in our simulations suggest that mountains play a primary role in shaping 88	

tropical climate through their impact on ENSO and the Walker circulation. The results 89	

are exciting from a climate dynamics perspective because ENSO has a strong influence 90	

on global climate on interannual timescales. They will also be of interest to the 91	

paleoclimate community because changes to ENSO and the Walker circulation are 92	

considered to play an important role in the Earth’s slide into the so-called icehouse 93	

climate since the Pliocene (Ravelo et al. 2004; Fedorov et al. 2006; Brierley and Fedorov 94	

2010; Fedorov et al. 2013), and links between the progressive aridification of the East 95	

African rift region since the late Miocene and hominin evolution have been the subject of 96	

research for well over a century (see Domínguez-Rodrigo 2014 for a recent review).  97	

In the next section we describe the models and observation-based data used in this 98	

study. Section 3 examines the mean tropical circulation in the PANCAKE simulations, 99	

and Section 4 explores the interannual variability. Section 5 is an analysis of the 100	

influence of ENSO on the mean circulation, and Section 6 presents an analysis of the 101	

mechanisms driving the changes to ENSO. Our conclusions are reported in Section 7. 102	

 103	

2. Data and models 104	



We removed land-surface topography, including ice height, from two GFDL 105	

ESMs, ESM2Mb and ESM2G, which differ only in their oceanic components (ESM2Mb 106	

uses a depth-based vertical coordinate, z*, whereas ESM2G uses an isopycnal vertical 107	

coordinate) and have identical atmosphere, ice and land surface components (Dunne et al. 108	

2012, 2013). These models resolve the diurnal cycle, using a 30 minute time step for 109	

atmospheric variables, a one hour time step for oceanic variables and coupling between 110	

model components, and a 3 hour radiation time step (Dunne et al. 2012, 2013). The 111	

ESM2Mb model is very similar to the GFDL ESM2M except the above-ground land 112	

biomass was adjusted to better match ESM2G and observations (Dunne et al. 2012, 2013). 113	

The physical climate and response to changes in forcing are very similar between 114	

ESM2M and ESM2Mb. Figure S1 compares Earth’s observed topography (etopo120) 115	

with our CONTROL topography and Figure 1 compares the CONTROL topography with 116	

that from our experiments with the mountains removed, which we refer to as PANCAKE. 117	

In PANCAKE, we did not change river routings, the geographic distribution of albedo 118	

associated with high latitude glaciers (i.e. Antarctica and Greenland are white in 119	

PANCAKE, assuming an ice-sheet-covered surface, but the topography associated with 120	

glaciers was removed), ocean bathymetry, or sea-level (ice removed from continents was 121	

not added to the ocean). Consistent with flattening model topography, the topographic 122	

momentum drag scaling scheme and the gravity wave drag scheme were both turned off 123	

in PANCAKE. The CONTROL experiments were run with pre-industrial radiative 124	

forcing and atmospheric chemistry. 125	

The PANCAKE experiment was run in both ESM2Mb and ESM2G for over 500 126	

model years, and years 401-500 are used throughout this analysis to represent the semi-127	



equilibrium climate state, defined here as having a net radiative imbalance at the top of 128	

the atmosphere of less than 0.75 W/m2 (Figure S2). Throughout this paper we compare 129	

our CONTROL climatological mean diagnostics with the European Centre for Medium-130	

range Weather Forecasts (ECMWF) ERA-INTERIM reanalysis product (Dee et al. 2011). 131	

For comparison with long time-series of ENSO-related variables, we use ECMWF’s 132	

ERA-20c product (Compo et al. 2011). The CONTROL runs for both models and 133	

GFDL’s closely related CM2.1 model have been reported to reproduce the broad features 134	

of the earth’s climate system, and the two models tend to straddle observations (Guilyardi 135	

2006; Wittenberg et al. 2006; Dunne et al. 2012; Kim and Yu 2012; Dunne et al. 2013; 136	

Bellenger et al. 2014). Figure S3 compares 100-year mean CONTROL tropical 137	

precipitation, pressure velocities (ω) and sea-surface temperatures with ERA-INTERIM 138	

climatological averages for those variables from 1981-2010. Both models exhibit well-139	

known biases in tropical precipitation that are common to coupled climate models 140	

including too little rain over the Amazon region and a double ITCZ characterized by too 141	

much rain in the southern hemisphere over the central and eastern tropical Pacific (Dai 142	

2006; Wittenberg et al. 2006; Dunne et al. 2012). Detailed analysis of the convective 143	

schemes used in our models and precipitation biases on diurnal to interannual time scales 144	

were performed on GFDL’s CM2.1 model (Dai 2006; Lin et al. 2006).  145	

The two Earth System Models used in this study produced the same qualitative 146	

results when the land-surface orography was removed. We focus our presentation below 147	

on the ESM2Mb results.  148	

 149	

3. Mean circulation 150	



Similar to previous studies (Manabe and Terpstra 1974; Ruddiman and Kutzbach 151	

1989), Earth’s winds are much more zonal when land-surface topography is removed (not 152	

shown). Changes to the strength of the global water cycle (both precipitation and 153	

evaporation) are less than 1% in both models, and the globally averaged surface air 154	

temperatures also exhibit small changes (PANCAKE is 0.67°C warmer in ESM2Mb and 155	

0.23°C warmer in ESM2G), consistent in sign with previous studies but smaller in 156	

magnitude (Barron 1985; Kutzbach et al. 1993; Kitoh 1997). Average tropical (30°S-157	

30°N) surface air temperatures also exhibit small changes (0.37°C in ESM2Mb and 158	

0.25°C in ESM2G). However, the spatial pattern of tropical rainfall changes significantly 159	

in both experiments (Figure 2, Figure S4). Where tropical precipitation is high (low) in 160	

CONTROL, precipitation decreases (increases) in PANCAKE. Tropical precipitation is 161	

less focused in PANCAKE, where the maximum spreads out in both the meridional and 162	

zonal directions.  The inter-tropical convergence zone (ITCZ) in the southern hemisphere 163	

is more developed in PANCAKE, extending farther across the Pacific basin than in 164	

CONTROL. Given the “double-ITCZ” bias in our CONTROL models, this tendency in 165	

the PANCAKE simulations is difficult to interpret, but is consistent with the fact that 166	

surface air temperature changes are larger in the southern hemisphere than changes in the 167	

northern hemisphere in both models. In PANCAKE, precipitation decreases most 168	

dramatically over the Maritime continent (~100°E-150°E), and increases over east Africa, 169	

the central equatorial Pacific (between ~180°-110°W), and most of the Amazon basin. 170	

Precipitation over India and Southeast Asia decreases, consistent with a weakened 171	

monsoon circulation. The changes to the spatial distribution of precipitation occur 172	



throughout the entirety of the tropics, including the central Pacific Ocean, and are not 173	

confined to regions of significant orography. 174	

The changes to the spatial pattern of tropical rainfall are very similar to changes in 175	

ω in the middle of the troposphere (at 500 mbar, Figure 2). Where air rises very quickly 176	

(slowly) in CONTROL, it rises more slowly (quickly) in PANCAKE. The few exceptions 177	

to this relationship are in regions of significant topography (the central Andes, the 178	

Himalayas and the Sierra Madre). However, these areas constitute a small proportion of 179	

the tropics, and the differences are associated with local effects of removing topography. 180	

Apart from these local effects, there is clearly a broader impact; removing orography 181	

changes the location and strength of vertical air motion far away from the location of the 182	

orography, for example in the middle of the Pacific Ocean. 183	

Tropical sea-surface temperatures (SSTs) decrease slightly in both experiments (-184	

0.24°C in ESM2Mb and -0.25°C in ESM2G), as do global SSTs (-0.46°C in ESM2Mb 185	

and -0.43°C in ESM2G). The spatial pattern of SST changes (Figure 2, Figure S4) is 186	

distinct from the precipitation and ω anomaly patterns. For example, surface waters cool 187	

significantly to the east and west of the Maritime continent but are unchanged or warmer 188	

in the vicinity of the continent, whereas precipitation and ω decrease throughout this 189	

entire area. Precipitation and ω increase over a large region of the central equatorial 190	

Pacific, between 180° and 100°W, whereas SSTs decrease throughout that region.  191	

Some of the largest changes in SST occur in the Peru current off the west coast of 192	

South America where PANCAKE’s SSTs are ~5°C cooler than in CONTROL (Figure 2, 193	

Figure S4). This indicates that the coarse representation of the Andes in our CONTROL 194	

simulations is not the cause of the warm bias in the Peru current (Wittenberg et al. 2006).  195	



The Walker circulation can be depicted as the average of ω over the equatorial 196	

tropics (5°S-5°N) in longitudinal-height space (Figure 3). The Walker circulation in the 197	

ERA-INTERIM reanalysis data (Dee et al. 2011) from 1981-2010 (Figure 3a) shows that 198	

the maximum velocities in the “up” direction (negative ω values) occur in the region of 199	

the Maritime continent, including the warm pool of the western Pacific and eastern Indian 200	

oceans, with significant upward motion over the longitudes of the Amazon rainforest. Air 201	

tends to descend over the eastern Pacific and Atlantic basins, and over east Africa. This 202	

overall pattern and the zonal variation in ω are reproduced by the CONTROL 203	

experiments (Figures 3, S5). Biases in the CONTROL simulation’s Walker circulation 204	

include too concentrated upward motion over the Maritime continent and too little 205	

upward motion over the Amazon.  In PANCAKE (Figures 3, S5), the zonal variation in ω 206	

is remarkably dampened. Although air tends to descend over the Atlantic region with the 207	

same intensity as in CONTROL, and the weak ω in the middle-of-the-troposphere over 208	

the central Pacific in CONTROL does not change much, the rest of the tropics have 209	

substantially reduced upward and downward vertical motions throughout the atmosphere. 210	

Various metrics have been used as a measure of the overall strength of the time-211	

mean Walker circulation, including the difference in sea-level pressure between the 212	

equatorial western and eastern Pacific (dSLP) (Walker and Chaiken 1932; Vecchi et al. 213	

2006; Vecchi and Soden 2007), the maximum values of mass streamfunctions (Trenberth 214	

et al. 2000), and deviations from the zonal mean of ω in the middle of the tropical 215	

troposphere (Burls and Fedorov 2014). Each of these metrics calculated for the 216	

PANCAKE experiments exhibit a weakening of the Walker circulation in the range of 217	



31-60% (Figure S6-S8, Table S1), with a mean value of 43% (ESM2Mb) and 45% 218	

(ESM2G).  219	

Simulations from the second phase of the Paleoclimate Modeling Intercomparison 220	

Project (PMIP2), in which coupled GCMs were forced with last glacial maximum (LGM) 221	

conditions and double pre-industrial atmospheric CO2 concentrations (2xCO2), also 222	

show hydrologic-driven changes to the Walker circulation (DiNezio et al. 2011). These 223	

experiments exhibit a weakening (strengthening) of the tropical overturning circulation 224	

associated with warmer (colder) than modern global surface temperatures, which occurs 225	

preferentially in the Walker component of tropical convection (DiNezio et al. 2011).  226	

Changes in PANCAKE tropical surface temperatures, water vapor content, 227	

precipitation and estimated convective mass flux are of a much smaller magnitude than 228	

those changes in the PMIP2 simulations (Figure 4). However, the Walker circulation 229	

weakens significantly more in the PANCAKE experiments than in any of the CO2-230	

doubling simulations, and the magnitude of weakening in PANCAKE is similar to the 231	

magnitude of strengthening exhibited by the most sensitive LGM models (Figure 4). The 232	

magnitude of change to the total average upward component of ω in the middle of the 233	

troposphere (500mb) is greater in the PANCAKE experiments than the CO2-doubling 234	

and LGM experiments. The large change in ω compared to the very small changes to the 235	

global average surface temperature and the hydrologic cycle in the PANCAKE 236	

experiments indicates that feedbacks related to changes to the average surface 237	

temperature and the hydrologic cycle are not responsible for the broad tropical circulation 238	

changes seen in the PANCAKE results.  239	



In a recent study the Andes were flattened in simulations using the National 240	

Center for Atmospheric Research’s Community Climate System Model version 4 (Feng 241	

and Poulsen 2014), and the Walker circulation decreased by about ~22% compared with 242	

the control run that used modern Andes topography. The authors attributed this change to 243	

a 0.8°C decrease in the equatorial Pacific SST gradient when the Andes were lowered, 244	

associated with decreased low cloud formation over the southeastern Pacific basin. In our 245	

experiment removing orography decreased low cloud formation in the southeastern 246	

Pacific basin (not shown), but the equatorial Pacific SST gradient did not decrease as 247	

much (0.5°C in ESM2Mb and 0.3°C in ESM2G, Table S2) and the Walker decreased by 248	

about twice as much.  249	

In addition to the overall weakening of the Walker circulation, the structure of the 250	

circulation is changed in the PANCAKE experiments. Air almost ceases to descend 251	

throughout most of the atmosphere over the western Indian Ocean and east Africa in the 252	

PANCAKE experiments (~35°E-55°E), disrupting the Indian branch of the Walker Cell. 253	

The upward branch of the Walker circulation in PANCAKE is not focused over the 254	

Pacific warm pool; it extends over the entire Indian Ocean. 255	

The weakening of the Walker circulation in these experiments occurs without 256	

significant weakening of the Hadley circulation, which describes the zonally symmetric 257	

component of tropical convection. The Hadley circulation can be depicted as the zonal 258	

average of ω over the tropics (30°S-30°N) in latitudinal-height space (Figure 3). In ERA-259	

INTERIM reanalysis data from 1981-2010 (Figure 3b), the average Hadley circulation is 260	

shown to be dominated by air rising in the northern hemisphere, consistent with the fact 261	

that the inter-tropical convergence zone (ITCZ) spends more time each year in the 262	



northern hemisphere. In the PANCAKE experiment, the large-scale ω pattern is even 263	

more symmetric around the equator, consistent with the spatial pattern of precipitation in 264	

Figure 2 and the greater increase in surface air temperature in the southern hemisphere 265	

compared with the northern hemisphere (Broccoli et al. 2006). This results in a sharper 266	

division between the equatorial region of low ω and the regions centered at about 7°N/S 267	

of the equator of high ω, due principally to diminished rains over the equator Maritime 268	

continent. The overall variation in the magnitude of average ω across different latitudes 269	

remains largely unchanged in PANCAKE, as does the overall width and height of the 270	

tropics. Based on the fractional change to the maximum value of the zonally-averaged 271	

overturning streamfunction between 30°S-30°N, the strength of the Hadley circulation 272	

changes are small (<2%) in the ESM2Mb and ESM2G PANCAKE experiments (Table 273	

S1). 274	

 275	

4. Interannual variability 276	

 Although the pre-industrial CONROL simulations of the two models used in this 277	

study exhibit ENSOs with different characteristics, with ESM2Mb’s ENSO stronger and 278	

ESM2G’s ENSO weaker than observations (Kim and Yu 2012; Bellenger et al. 2014), the 279	

ENSO in both models changes in the same qualitative manner when mountains are 280	

removed. Without orography, the ENSO is characterized by larger amplitude, lower 281	

frequency and is more regular (Figure 5, Figure 6 a and b). ENSO’s frequency, calculated 282	

from model years 101-500, changes from 3.7 to 5.7 years in ESM2Mb, and 2.8 to 4.9 283	

years in ESM2G (Figure 5). The semiannual cycle in the Nino3 region (150°W-90°W, 284	

5°S-5°N) is stronger in PANCAKE (Figure 5), especially in ESM2G, consistent with the 285	



increased meridional symmetry about the equator (see the Hadley Circulation in Figure 286	

3d). Interannual variation in anomalies of equatorial SSTs, wind stress and precipitation 287	

in the Pacific and Indian basins increases in PANCAKE relative to CONTROL (Figure 7 288	

a, b and c). In CONTROL and in observations, interannual anomalies extend across the 289	

Pacific basin in some years, but only reach the central Pacific in other years (Figure 7). In 290	

PANCAKE, they consistently extend across the entire Pacific basin (Figure 7). The 291	

increased strength of the ENSO in these experiments impacts the total tropical 292	

precipitation and global net radiation at the top-of-the-atmosphere (Figure 6 c and d).  293	

Because these models share the same atmospheric component, similar 294	

experiments could be carried out with other fully coupled AOGCMs in order to test the 295	

robustness of this response. However, the qualitative consistency of the results between 296	

our two ESMs as well as a previous study (Kitoh 2007) is encouraging and suggests that 297	

these results are robust. 298	

 299	

5. Influence of ENSO on the mean circulation 300	

The response of the ENSO when orography is removed from these models is so 301	

strong that ENSO events have a much more significant influence on the mean climate in 302	

PANCAKE than they do in CONTROL.  For example, in the CONTROL runs, as in 303	

nature, the distribution of monthly wind stress and SST anomalies over the Nino4 304	

(160°E-150°W, 5°S-5°N) and Nino3 (150°W-90°W, 5°S-5°N) regions is nearly normal 305	

(Figure S9). Most months show no anomaly in these values, so the distribution peaks at 306	

the zero-anomaly line, and there is a very small tail with positive (westerly) wind-stress 307	

values and SSTs from ENSO warm events (Figure S9). Consistent with previous studies 308	



(Kim and Yu 2012; Bellenger et al. 2014), ESM2Mb has a larger El Niño-related tail than 309	

the reanalysis data, whereas ESM2G’s is smaller. In the PANCAKE simulations these 310	

distributions are different. Most common anomalies no longer fall on the zero-anomaly 311	

line, which is in-between La Niña and El Niño values (Figures 8, S9). Because changes to 312	

ENSO are often diagnosed through analysis of the mean climate, the strong impact of 313	

ENSO on the mean climate in the experiments complicates the interpretation of the 314	

results.  315	

In order to distinguish aspects of the changes to the mean tropical circulation that 316	

are related to ENSO versus those that are not, and to diagnose the changes to ENSO, we 317	

compare the mean climate and circulation patterns from ten El Niño years and ten La 318	

Niña years in CONTROL and PANCAKE. Using time-series from model years 401-500, 319	

we picked spans of twelve months with consistent Southern Oscillation Index (SOI) and 320	

Nino3 SST anomalies, and repeated this process with the ERA-20c reanalysis (Figure 6).  321	

The Walker Circulation varies significantly between La Niña and El Niño years in the 322	

reanalysis; the ESM2Mb CONTROL simulation’s circulation varies a little more than 323	

ERA-20c, and ESM2G’s CONTROL exhibits more subdued variation (Figure S10), 324	

consistent with previous studies (Kim and Yu 2012; Bellenger et al. 2014). 325	

PANCAKE’s much stronger ENSO is apparent when comparing La Niña and El 326	

Niño years with CONTROL (Figure 9). In both ESM2Mb and ESM2G, the PANCAKE 327	

La Niña and El Niño years exhibit vertical velocities of similar magnitudes to 328	

CONTROL; however, the spatial pattern of upward and downward movement is different. 329	

During La Niña years, the region of descending air (red color in Figure 9 middle row) 330	

over the central and east Pacific extends ~20° farther west in PANCAKE; air descends 331	



over the eastern part of Indonesia. The descending air that is over East Africa in 332	

CONTROL also shifts west and is over West Africa and the eastern Atlantic in 333	

PANCAKE. During El Niño years, the large region of rising air over the Pacific (blue 334	

color in Figure 9 bottom row) shifts farther east, consistent with the increased 335	

longitudinal span of the anomalies shown in Figure 7. Air descends over most of the 336	

Indian Ocean, but not East Africa, and there is less rain over Indonesia. Although the 337	

equatorial circulation strength does not change much between CONTROL and 338	

PANCAKE during La Niña and El Niño years, the shifts in patterns of rising and falling 339	

air cause the circulations to largely cancel each other out in the time-mean (top row of 340	

Figure 9). 341	

Due to the stronger ENSO, interannual variation in tropical precipitation over the 342	

eastern equatorial Pacific is stronger in PANCAKE than in CONTROL (Figure 10); La 343	

Niña years are drier in PANCAKE than CONTROL (middle panel), El Niño years are 344	

wetter (bottom panel), and the mean changes are more subdued (top panel). However, the 345	

Maritime continent, including Indonesia and Papua New Guinea, is drier in both La Niña 346	

and El Niño years, and East Africa is wetter, consistent with the changes to the Walker 347	

circulation discussed above. 348	

When mountains are present, convection is focused in the Maritime region and 349	

ENSO warm anomalies often only reach the central Pacific, whereas without mountains 350	

the Maritime region dries and ENSO warm anomalies consistently cross the entire Pacific 351	

basin (Figure 7). This suggests that Maritime orography might have a mooring effect on 352	

convection. Authors have highlighted two distinct mechanisms by which tropical 353	

orography influences monsoonal circulation by promoting convection: 1) mountains 354	



provide elevated heating surfaces and 2) mountains provide “lift” by forcing air up-slope 355	

(Meehl 1992; Kutzbach et al. 1993).  In each case, convection leads to precipitation and 356	

the release of latent heat into the atmosphere, further fueling the convection. Although 357	

these authors stress the importance of these mechanisms in monsoon systems, these 358	

mechanisms should also be at work over the Maritime continent. The raised heated 359	

surfaces and orographic lift associated with Maritime orography may play an important 360	

role mooring convection over that region.  361	

 362	

6. Mechanisms driving ENSO changes 363	

 PANCAKE’s equatorial wind zone, between the latitudes of each hemisphere’s 364	

strongest easterly winds, is significantly widened compared with CONTROL (Figure 365	

11a). The wider equatorial wind zone in PANCAKE expands the off-equatorial region of 366	

upwelling related to Ekman suction, pushing the region of downwelling associated with 367	

Ekman pumping poleward in both the eastern and western Pacific (Figure 11b).  The 368	

changes in wind stress curl in the western Pacific, including weaker positive winds stress 369	

curl from 5°-15°N, result in a increased shoaling of the thermocline into the North 370	

Equatorial Countercurrent and a slightly deeper Equatorial Undercurrent (Figure 11 c and 371	

d, left column), circulating colder waters to the east Pacific. Together, these changes 372	

result in a significantly colder east Pacific equatorial thermocline during La Niña years 373	

(Figure 11 c and d, right column). 374	

 Although the mean equatorial Pacific thermocline exhibits a shallower slope in 375	

PANCAKE relative to CONTROL (Figure 12, top), the changes to the surface winds 376	

discussed above result in a steeper thermocline slope during La Niña years (Figure 12, 377	



middle). The very strong warm ENSO events are associated with very significant 378	

shoaling of the thermocline in the western Pacific and a much deeper thermocline in the 379	

eastern Pacific (Figure 12, bottom). The mean thermocline is clearly influenced by the 380	

strong ENSO events. We interpret the steep La Niña thermocline as an important driver 381	

of the stronger ENSO warm events in the PANCAKE simulations (e.g., Fedorov and 382	

Philander 2001; Wittenberg 2002; Zelle et al. 2005; Vecchi and Wittenberg 2010). As 383	

with the Pacific Ocean, the much stronger changes in the slope of the Indian Ocean 384	

equatorial thermocline between PANCAKE La Niña and El Niño years relative to 385	

CONTROL is consistent with the much greater interannual variation in SST, wind stress 386	

and precipitation anomalies in both basins (Figure 7). 387	

 Strong ENSOs in AOGCMs have been associated with wind-thermocline 388	

coupling that dominates over wind-SST coupling, and there is evidence that the 389	

dominance of these types of feedbacks may explain the variation in types of ENSO warm 390	

events in nature (Guilyardi 2006; Merryfield 2006). Wind-thermocline driven ENSO 391	

events are characterized by anomalies in heat and thermocline depth that propagate from 392	

the western Pacific to the eastern Pacific, preceding SST and wind anomalies with a 393	

similar propagation. Our ESM2Mb experiment exhibits a strong wind-thermocline 394	

feedback in lag-regression plots, where anomalies in equatorial SST, zonal wind stress, 395	

zonal currents of the top 50 meters of water and the depth of the 20° isotherm are 396	

regressed onto Nino3 region SST anomalies  (Figure 13). Warm Nino3 SST anomalies 397	

(Figure 13a) and westerly wind anomalies over the ocean (Figure 13b), associated with El 398	

Niño events, begin earlier and last longer in PANCAKE than in CONTROL, and 399	

progress from the Western Pacific to the Eastern Pacific. Anomalous eastward zonal 400	



currents of the top 50 meters of the equatorial Pacific (Figure 13c, red colors are eastward 401	

anomalies) begin earlier in PANCAKE than in CONTROL, and a relatively deep 402	

thermocline (Figure 13d) progresses from the Western Pacific to the Eastern Pacific, 403	

preceding the SST and wind stress anomalies. The colder cold-tongue in La Niña years 404	

leads to stronger SST anomalies and stronger wind stress anomalies. Together with the 405	

stronger wind stress anomalies associated with the colder cold-tongue and larger SST 406	

anomalies (Figures 12, 13), the enhanced wind-thermocline coupling and the steeper La 407	

Niña thermocline help to explain the larger amplitude ENSO events in PANCAKE Earth.  408	

 In a similar experiment where global mountain height was systematically varied 409	

using a coupled AOGCM (MRI-CGCM2) and ENSO changed in a qualitatively similar 410	

way to this study, the author concluded that the change in amplitude and frequency of 411	

ENSO was related to the expanded equatorial easterly wind region (Kitoh 2007). This 412	

conclusion followed previous studies that found that a larger meridional extent of ENSO-413	

related wind anomalies results in a lower frequency and higher amplitude ENSO due to 414	

the fact that Rossby waves travel slower at higher latitude (Merryfield 2006; Capotondi et 415	

al. 2006). In our experiment, although we find that our equatorial wind region expands 416	

poleward, the latitudinal range of ENSO-related wind anomalies does not change 417	

significantly (Figure 14). We interpret the decrease in frequency of PANCAKE as the 418	

result of the consistently larger longitudinal span of ENSO warm events and wind stress 419	

anomalies that are further East in the Pacific basin (Figure 14), which in turn we associate 420	

with the lack of convective mooring by Maritime orography. 421	

 422	

7. Conclusions 423	



We performed a classic idealized experiment using state-of-the-art Earth System 424	

Models to explore the impact of mountains on Earth’s climate system. Our simulations 425	

exhibited similar characteristics to previous studies including more zonal winds and 426	

weaker monsoons when land-surface topography is removed. However, we also found 427	

broad changes to tropical circulation patterns, impacting the mean climate and 428	

interannual variability. Without orography, convection over the Maritime continent is 429	

weakened and precipitation is not as moored to the West Pacific Warm Pool; it spreads 430	

out over the Indian Ocean and East Africa. Changes in convection and surface winds due 431	

to the removal of mountains have a strong influence on equatorial atmosphere-ocean 432	

dynamics, leading to a more regular ENSO with a lower frequency and much stronger 433	

amplitude. The large changes to ENSO result in a mean Pacific Walker circulation that is 434	

~44% weaker, and much larger interannual variation in tropical precipitation and global 435	

net radiation at the top of the atmosphere. These results are consistent across the two 436	

models used in this study, and are qualitatively similar to the results of a previous study 437	

that used a non-related AOGCM (Kitoh 2007), suggesting that these conclusions are 438	

robust.  439	

How have changes to Earth’s orography over the last few million years influenced 440	

ENSO and the Walker circulation, and what were the impacts on East African, tropical, 441	

and global climate? Although we speculate that changes in Maritime orography may have 442	

had a strong influence on climate dynamics over the last few million years, our study 443	

cannot constrain the role of specific orography in the changes we found, and did not 444	

attempt to examine a realistic paleo-orographic scenario. Future work should address the 445	



influence of particular orography, especially in the area of the West Pacific Warm Pool, 446	

on ENSO, the Walker circulation, and regional to global climate. 447	

 448	
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 629	



Figure Captions 630	

Figure 1.  Land topography and ocean bathymetry (meters) in CONTROL model (top) 631	

and PANCAKE model (bottom). In PANCAKE, all land surface topography, including 632	

ice height, was removed from the ESM2Mb and ESM2G land models for these 633	

experiments.  634	

 635	

Figure 2.  Differences (PANCAKE – CONTROL) of 100-year means (years 401-500) 636	

for precipitation (top), pressure velocity ω (middle), and sea-surface temperature 637	

(bottom). All values are from ESM2Mb. Values for ω are from 500 hPa. Negative (blue) 638	

values are in the “up” direction. Results for ω do not change significantly when different 639	

pressure levels, or an average of pressure levels, are used to represent the middle of the 640	

troposphere. Black rectangles show regions used to calculate dSLP as the difference 641	

between average sea-level pressures in an equatorial region of the east Pacific (140°W-642	

80°W, 5°S-5°N) and the west Pacific (120°E-180°E, 5°S:5°N).  643	

 644	

Figure 3.  Walker and Hadley circulations. The Pacific Walker circulation weakens in 645	

PANCAKE, whereas the strength of the Hadley circulation remains largely unchanged. 646	

Pressure velocities are shaded (blue/negative values are in the up direction) and vectors 647	

are zonal wind (u) and vertical wind (w) for Walker circulation (left column; values are 648	

meridional averages from 5°S-5°N) and meridional wind (v) and vertical wind (w) for 649	

Hadley Circulation (right column; values are zonal averages). a Schematic depiction of 650	

Walker (left) and Hadley (right) circulations. b ERA-INTERIM Reanalysis data from Jan 651	

1981-Dec 2010. c ESM2Mb CONTROL. d ESM2Mb PANCAKE. Grey curve on each 652	



plot near the abscissa shows approximate topography from observations (b from etopo40) 653	

and the respective models. The vertical component of the wind speed vector (w) was 654	

approximated from the pressure velocities using the relationship w= ω/(-ρg), where ρ is 655	

density and g is gravitational acceleration, and are scaled x1000. Note the different color 656	

scales for the left and right sides of the figure.  657	

 658	

Figure 4.  Changes in tropical mean atmospheric overturning circulation and the 659	

hydrologic cycle. PANCAKE experiments (black points) exhibit the relationship between 660	

changes in average surface temperature (TS) and fractional changes to column-integrated 661	

water vapor (q) and precipitation (P) expected [Held and Soden, 2006] similar to 662	

modeling experiments forced with Last Glacial Maximum (blue points) and 2xCO2 (red 663	

points) conditions (a and b). However, fractional changes in the total average upward 664	

component of ω in the middle of the troposphere (500mb) are decoupled from estimated 665	

fractional changes to atmospheric convection (ΔP/P-7.5ΔT [Held and Soden, 2006]) in 666	

the PANCAKE experiments (c), yet continue to be correlated with changes to dSLP, a 667	

measure of the strength of the Pacific Walker circulation (d). The PANCAKE 668	

experiments exhibit a larger weakening of the Walker circulation and a larger change to 669	

fractional upward ω at 500mb than the any of the 2xCO2 experiments. Last Glacial 670	

Maximum (blue points) and 2xCO2 (red points) from [DiNezio et al., 2011].  671	

 672	

Figure 5. Nino3 region (150°W-90°W, 5°S-5°N) SST spectra for ESM2Mb (left) and 673	

ESM2G (right) calculated for model years 101-500. Abscissa units are °C2/octave. Based 674	

on previous work with a closely related model that reported the spread along the abscissa 675	



between multiple spectra generated from time-averaging over various time intervals 676	

[Wittenberg, 2009], we estimate that time-averaging over four centuries limits the spread 677	

to <1 °C2/octave, much less than the difference between the CONTROL and PANCAKE 678	

spectra for a given time frequency in both models. 679	

 680	

Figure 6. a) Southern Oscillation Index (SOI), b) Nino3 SST anomaly (°C), c) tropical 681	

precipitation anomaly (mm/day, averaged over 20°S:20°N), and d) global net radiation at 682	

the top-of-the-atmosphere anomaly (W/m2, positive values correspond to downward flux) 683	

from ERA-20c reanalysis (left) ESM2Mb CONTROL (middle) and ESM2Mb 684	

PANCAKE (right). The SOI is calculated from the sea-level pressure difference between 685	

Darwin (130°E, 12°S) and Tahiti (150°W, 17°S). Sea-surface temperature anomalies are 686	

monthly anomalies from the Nino3 region (150°W-90°W, 5°S-5°N) calculated using a 687	

running 211-month triangular smoother. Blue colors indicate La Niña years and red 688	

colors indicate El Niño years. The ten El Niño and ten La Niña years that were chosen for 689	

analysis in this paper are bracketed by their corresponding colors. The vertical scale is the 690	

same for all plots. Tropical precipitation is average from all longitudes and from 20°S – 691	

20°N. Abscissa shows the calendar year (for ERA-20c) or the model years. 692	

 693	

Figure 7. Longitude-time plot of three-month running anomalies relative to mean climate 694	

averaged over 5°S-5°N for (a) SST (°C), (b) zonal wind stress over the ocean (middle, 695	

hPa) and (c) precipitation (bottom, mm/day) from ERA-20c reanalysis (left, years 1980-696	

1999), ESM2Mb CONTROL (middle, model years 481-500) and ESM2Mb PANCAKE 697	

(right, model years 481-500). Time increases in the vertical direction. Longitudes cover 698	



the Indian and Pacific Ocean basins. Approximate location of Indonesia is show below 699	

the abscissa.  700	

 701	

Figure 8. Distribution of monthly oceanic zonal wind stress anomalies (a) in the Nino4 702	

region (160°E-150°W, 5°S-5°N) and SSTs (b) in the Nino3 region (150°W-90°W, 5°S-703	

5°N) for ESM2Mb CONTROL (left) and ESM2Mb PANCAKE (right), model years 401-704	

500. The zero anomaly line is shown. Note the difference in scale of the y-axis between 705	

CONTROL and PANCAKE plots.  706	

 707	

Figure 9. Average vertical wind velocities (hPa) between 5°N-5°S for model years 401-708	

500 (top), ten La Niña (middle) and ten El Niño (bottom) from ESM2Mb CONTROL 709	

(left) and ESM2Mb PANCAKE (right). Spatial changes to the equatorial Walker 710	

circulation on interannual timescales in the PANCAKE simulations is partially 711	

responsible for the weakening of the circulation in the time-mean. Blue color indicates 712	

rising motion; red color indicates subsidence.  713	

 714	

Figure 10. Precipitation difference (ESM2Mb PANCAKE minus CONTROL) for the 715	

model years 401-500 (top), ten La Niña years (middle) and ten El Niño years (bottom). 716	

PANCAKE has less precipitation over the Maritime continent and over the east 717	

equatorial Atlantic/west equatorial Africa, and more precipitation over eastern equatorial 718	

Africa in all years, indicating that these patterns are not the result of the large changes to 719	

ENSO. 720	

 721	



Figure 11. (a) Zonal wind stress on the ocean (Pa), positive wind stress is westerly; (b) 722	

Wind stress curl (N/m3) scaled by a factor of 108; (c) ESM2Mb CONTROL ocean 723	

temperature and zonal currents; (d) ESM2Mb PANCAKE ocean temperature and zonal 724	

currents. All data is for ten La Niña years; left column panels are averaged over the 725	

Eastern Pacific (150°E-150°W) and the right column panels are averaged over the 726	

Western Pacific (150°W-80°W). In the bottom four panels Ocean temperature (°C) is 727	

shaded and zonal current is contoured. Solid contours indicate eastward movement (out 728	

of the page). The Equatorial Undercurrent corresponds to the solid contours below the 729	

surface centered at around 0° latitude in both the Eastern and Eastern Pacific. The North 730	

Equatorial Countercurrent corresponds to the solid contours in the Western Pacific (left) 731	

between 5°-10°N. The blue contour in the bottom four panels shows the 20°C isotherm.  732	

 733	

Figure 12. Average depth (meters, 5°S-5°N) of the 20° isotherm in the equatorial Indian 734	

and Pacific basins. One-hundred year mean from model years 401-500 (top), ten La Niña 735	

years (middle) and ten El Niño years (bottom), for CONTROL (black) and ESM2Mb 736	

PANCAKE (red). Approximate location of Indonesia is indicated below the abscissa. 737	

 738	

Figure 13. Equatorial variable anomalies averaged between 2°S-2°N and lag-regressed 739	

onto Nino3 SST anomalies, spanning two years before (negative lag months) to two years 740	

after (positive lag months) the peak Nino3 SST (warm) anomalies (zero-line). ENSO in 741	

ESM2Mb exhibits a strong wind-thermocline coupling. ESM2Mb CONTROL (top) and 742	

ESM2Mb PANCAKE (bottom). Vertical lines where data is absent correspond to 743	



Indonesia, where Borneo and Sumatra occupy regions expanding the entire 4° latitude 744	

shown here.  745	

 746	

Figure 14. SST (left, °C) and zonal wind stress over the ocean (right, kPa) regressed on 747	

Nino3 region (150°W-90°W, 5°S-5°N) SST anomalies for ERA-20c (top), ESM2Mb 748	

CONTROL (middle) and ESM2Mb PANCAKE (bottom). 749	


